INTRODUCTION {#SEC1}
============

Targeting transcription factor (TF)-DNA complexes for regulation of gene expression is very attractive for the treatment of a number of diseases ([@B1]). This could be done by targeting the TF or the DNA binding site ([@B4]). It has proven difficult to target TFs directly and they are frequently considered 'undruggable' ([@B5]). The alternative of targeting the DNA binding site of the TF with designed small molecules is, thus, gaining increasing attention ([@B6]). A barrier to this approach for control of gene expression in cells is that only a limited variety of small molecules bind strongly and sequence-specifically to DNA ([@B9],[@B10]). The modification of heterocycles in classical type minor groove binders is an approach to expand the applications of minor groove binders ([@B11],[@B12]).

The greatest variety of A•T specific minor groove binding compounds such as netropsin, DAPI, pentamidine, furamidine and Hoechst 33258 and its analogs are a complement to the highly sequence-specific hairpin polyamides ([@B13]). Many of the A•T specific compounds are taken up by cells and have a unique variety of therapeutic as well as biotechnology applications ([@B14],[@B15]). Non-covalent binding minor groove agents have been used in therapeutic targeting of DNA in various types of cells with successful application all the way to clinical trials ([@B16],[@B17]). As described above, many minor groove binding compounds are highly A•T specific ([@B18]) but it is essential to be able to better target mixed, A•T and G•C base pair (bp) sequences ([@B19],[@B20]). Such novel compounds would be useful for a new class of potential drug molecules that can target promoter DNA sequences to modulate TF binding ([@B21]). In order to expand past the pure A•T specific compounds, new types of compounds must be designed ([@B24]). These modified compounds still require the correct curvature and charge to match the minor groove but they will also need functional groups that have H-bond acceptors for favorable interactions with the G-NH~2~ group that projects into the minor groove and presents a steric block to strong binding by A•T specific minor groove binders ([@B27],[@B28]).

Our understanding of G•C bp recognition by small molecule minor groove binders is very limited, and for use of the DNA minor groove for new drug design and development we need a more detailed understanding of compound-DNA complexes ([@B29]). Compounds with aza-benzimidazole H-bond acceptors have initially been designed for G•C recognition ([@B32]). DB2277 (Figure [1](#F1){ref-type="fig"}) is a novel example with strong binding to an AAAGTTT binding site ([@B32],[@B33]). To fully appreciate the binding of DB2277 to its target DNA sequence, structural information is required. NMR, in conjunction with molecular modeling, is uniquely suited to study the molecular interactions and dynamic behavior of DNA-ligand complexes ([@B34]). An initial NMR experiment for a DB2277 complex with an AAAGTTT sequence, however, revealed the surprising result that two species are present, even in a 1:1 complex. Interestingly, these two species were not observed in other high resolution biophysical experiments ([@B32],[@B33]). To understand these multiple binding species and their importance for compound design, we have investigated the DB2277 complex with numerous hairpin DNA duplexes.

![Shifts in the imino spectral peaks at different G-hp1:DB2277 ratios at 285 K. The major and minor binding species of DNA-DB2277 complex are represented by '![](gkw353ufig1.jpg)' and '![](gkw353ufig2.jpg)' labels, respectively. A schematic model showing two possible orientations of the DB2277 complex with G-hp1 is at the top. The NMR sample consisted of 100 *μ*M DNA at pH 6.9.](gkw353fig1){#F1}

METHODS {#SEC2}
=======

Sample preparation and NMR experiments {#SEC2-1}
--------------------------------------

A Bruker Avance 600 MHz NMR equipped with a QXI probe was used to collect NMR data. The NMR samples consisted of 100 *μ*M DNA, 10 mM cacodylate buffer (cacodylic acid/NaOH at pH 7.0), EDTA (ethylene diamine tetra-acetic acid) and DSS (4, 4-dimethyl-4-silapentane-1-sulfonic acid) as an internal standard. In experiments involving exchangeable protons 90% H~2~O--10% D~2~O was used ([@B39]). The pH of the solution was adjusted in the range 6.6--6.8. The DNA concentrations determined using UV absorbance were around 0.5 mM in 1 ml ddH~2~O. Details about sample preparation and NMR methods are provided in Supplementary Information text.

Thermal melting {#SEC2-2}
---------------

Hairpin DNA oligomers binding with DB2277 were monitored by thermal melting of the DNAs and complexes (1:2 ratio of DNA:DB2277) in Tris-HCl buffer (50 mM Tris, 100 mM NaCl, 1 mM EDTA, pH 7.4) at 260 nm wavelength as previously described ([@B32]).

Surface plasmon resonance {#SEC2-3}
-------------------------

Biosensor--surface plasmon resonance (SPR) measurements for affinity and kinetics were performed with a four-channel Biacore T200 optical biosensor system. 5′-biotin-labeled DNA sequences (G-hp2 and G-hp5 shown in Table [1](#tbl1){ref-type="table"}) were immobilized onto streptavidin-coated sensor chips as previously described ([@B40],[@B41]). Standard free energy (Δ*G*°) is calculated using the equilibrium dissociation binding constant from SPR at room temperature (Δ*G*° = *RT* ln *K*~D~). Further information about SPR measurements is provided in Supplementary Information text.

###### Selected mixed-sequence hairpin DNAs

  ---------------------
  ![](gkw353tbl1.jpg)
  ---------------------

Molecular modeling and docking {#SEC2-4}
------------------------------

DB2277 was optimized at the B3LYP/6-31\*G level of theory using Spartan 10 software (Wavefunction, Inc.) ([@B42]). All minimized ligands were assigned Gasteiger−Huckel charges by using Autodock vina 4.02 ([@B43]). G-hp1 duplex DNA was generated from the biopolymer-build DNA double helix from the Tripos SYBYL-X1.2 software package ([@B44]). G-hp1 was docked with minimized structure of DB2277 using AutoDock vina 4.02 ([@B44]). Further description is provided in detail in Supplementary Information text.

RESULTS AND DISCUSSION {#SEC3}
======================

Proton NMR spectra {#SEC3-1}
------------------

The chemical shifts of DNA protons of the A•T and G•C bp have been used to monitor the binding of DB2277 with DNA. Numerous changes in the chemical shifts for DNA imino protons have been observed upon complexation with DB2277, particularly in the central region of the hairpin DNAs. We have investigated over thirty DNA sequences and results for six G-hp DNAs that illustrate different modes of sequence-specific binding of DB2277 to DNA are shown here (Table [1](#tbl1){ref-type="table"}).

### G-hp1 (AAAGTTT binding site) {#SEC3-1-1}

The G-hp1 DNA sequence gives well-resolved spectra with six A•T and four G•C bp signals and a broad upfield band for the unpaired T loop bases (Figure [1](#F1){ref-type="fig"}). Assignment of the imino proton signals of free DNA shown in the Figure [1](#F1){ref-type="fig"} was done using 1D-NOE experiments. Titration of G-hp1 with DB2277 revealed both upfield and downfield chemical shift changes. The addition of DB2277 to G-hp1 at the ratio of 1:0.5 (DNA:DB2277) shows both free DNA and complex resonance peaks in the spectra indicating slow exchange on the NMR timescale. No significant chemical shift changes were observed for DNA imino peaks of the terminal bp of the duplex indicating their minimal contribution to binding with DB2277. The appearance of an unexpected additional peak at 11.3 ppm was observed with the addition of DB2277. No significant changes were observed after reaching a 1:1 ratio of DNA:DB2277. At ratios above 1:1, slightly broadened peaks are probably due to some non-specific, electrostatic interaction of the excess DB2277 cation with the anionic DNA backbone. No unbound G-hp1 peaks are observed at the binding ratio of 1:1 (DNA:DB2277) suggesting a tight binding of DB2277 with the G-hp1, in agreement with SPR results ([@B33]).

For DB2277 binding with G-hp1 as a single species, six imino proton resonance peaks are expected for A•T bp at a 1:1 binding ratio. The imino proton spectra (Figure [1](#F1){ref-type="fig"}), however, reveal that all complex signals are doubled, even though the stoichiometry of binding is 1:1. The two sets of signals clearly indicate two binding modes for DB2277 with G-hp1, a major and a minor binding species based on signal intensity ([@B45],[@B39]). Interestingly, other biophysical methods such as SPR, mass spectrometry, circular dichroism and isothermal titration calorimetry also indicated a 1:1 complex between DB2277 and G-hp1 ([@B33]) but these methods were not able to show any evidence of two binding orientations of DB2277. The local symmetry (similar A•T bp sequences on both sides of the central G•C bp) of G-hp1 may result in the two orientations of DB2277 with similar energy. The two modes suggest complexes with reverse orientations in the AAAGTTT sequence (Figure [1](#F1){ref-type="fig"}) as previously observed for the polyamide minor groove binder, netropsin, in an A•T sequence ([@B39]).

In order to understand the origin of the two bound species and to facilitate study of structural details of the DB2277-DNA complex, a more detailed analysis of DB2277 binding to different DNA sequences was undertaken. It is important to understand the origin of the different compound orientations and how they can be modulated by DNA sequences. It seemed possible that formation of a unique complex could be achieved with DNA sequences that are less symmetric than the AAAGTTT motif in G-hp1.

### G-hp2 (AAGTTT binding site) {#SEC3-1-2}

A 5′ A•T bp in G-hp1 (G-hp2) was removed to give a less symmetric binding site. The question to be addressed is whether changes of this type will give a single DB2277-DNA species with good binding affinity? Imino proton spectra of G-hp2 show one less A•T bp resonance peak (Supplementary Figure S1). At a 1:1 binding ratio of DNA:DB2277, the fraction of the minor species was reduced, but not eliminated relative to the G-hp1-DB2277 complex. The largest differences in chemical shifts between the major and minor species are observed for A4 and T6 imino protons which are adjacent to the central G. The chemical shift of T6 signal for the major species is downfield of A4 signal. It is very interesting that the minor species T6 signal is the most upfield while the minor species A4 is very downfield. In other words, the protons shift position is in an opposite way for these major and minor species, in agreement with an opposite orientation of the DB2277 for two species evident in the flipping exchange model (Figure [1](#F1){ref-type="fig"}). In addition, the chemical shifts for the major binding species are similar to the major species in G-hp1 complex but with one less A•T bp signal. The less symmetric binding site reduces the amount of minor species. This result indicates that the less symmetric binding site in G-Hp2 relative to G-Hp1 is an advantage for obtaining a single species. While this may seem obvious for asymmetric sites, most of the asymmetric sequences shown and not shown in this report of over thirty sequences we investigated, do not yield a single binding species.

Assignment of exchangeable protons of the G-hp2-DB2277 complex was done using 1D-NOE and 2D NOESY experiments (Supplementary Figures S2--S4). The ambiguity with the imino proton assignment due to exchange peaks was resolved by performing 2D EXSY experiments (Figure [2](#F2){ref-type="fig"}, Supplementary Figures S5 and S12). 2D EXSY experiments are similar to very short mixing time 2D NOESY. They are useful to define which 2D cross peaks are due to exchange. Intense exchange cross peaks in the EXSY experiment showing exchange between major and minor species and NOE-build up from adjacent bp in NOESY experiment are clearly discernible in Figure [2](#F2){ref-type="fig"}.

![Overlay of imino proton region of the NOESY spectrum at 285 K (in blue) and the EXSY spectrum (in red) at 303 K of G-hp2-DB2277 complex (EXSY experiment conducted at short mixing time 50 ms whereas NOESY experiment was conducted at 150 ms mixing time). Cross peaks in boxes show exchange between major and minor species. Shifts in imino proton peaks of NOESY and EXSY are due to the temperature difference.](gkw353fig2){#F2}

### G-hp3 (AAAGTT binding site) {#SEC3-1-3}

Since the removal of a 5′ A•T bp in G-hp1 improved the imino proton spectra, in the next step a 3′ terminal T•A bp was deleted from G-hp1 to remove sequence similarity in a different way. Despite similar imino proton spectra of free G-hp2 and G-hp3 DNA, their titration spectra with DB2277 were quite different (Supplementary Figures S1 and S6 respectively). Surprisingly, the change at the 3′ end of the binding site in G-hp3 resulted in sharp peaks with a significant increase in signal intensity of the minor species as compared to the G-hp2 complex. Clearly, the 3′ TTT side of the binding site is critical for the major species while the minor species is more sensitive to the 5′ AAA sequence. These observations show that the amount of the minor species is very sequence-dependent, even for two asymmetric sequences, AAGTTT and AAAGTT. Thus, the two binding orientations of DB2277 are quite sensitive to the A•T bp sequence flanking the central G•C bp.

### G-hp4 (AACTTT binding site) {#SEC3-1-4}

A different possible method to improve the results for G-hp2 is to invert the central 5′ G•C bp, again with the goal of reducing the minor species. It is surprising that this change in the central G•C bp causes the minor species to significantly increase relative to the G-hp2 complex (Supplementary Figure S7) These results indicate that the DB2277 complex is also very sensitive to the orientation of the central G•C bp. The NMR results with G-hp1, 2, 3 and 4 with DB2277 illustrate the extreme sensitivity of the complex to the DNA sequence.

### G-hp5 (AAGATA binding site) {#SEC3-1-5}

The 3′ TTT sequence clearly has a major role in directional binding with DB2277 since the removal of the T in G-hp3 causes large changes in the spectra. In G-hp5, the 3′ TTT was changed to ATA and this change yielded a single set of peaks for the complex at a 1:1 ratio. Examination of several 3′ modifications that reduce the local symmetry in the central region in different ways (data not shown) helped to pave the way towards a 3′ ATA change. At the binding ratio of 1:0.5 (DNA:DB2277), double imino resonance peaks for the five A•T bp imino protons reveal the occurrence of one binding species and the free DNA. The almost equal intensity of these binding species shows two equally populated states. Single bp resonance peaks in the imino spectral region in the G-hp5-DB2277 complex at the 1:1 binding ratio show a single binding orientation (Figure [3](#F3){ref-type="fig"}). The imino proton assignment of the G-hp5-DB2277 complex was done using a 2D NOESY experiment (Supplementary Figure S8). The G-hp5-DB2277 complex at the ratio of 1:1 provides single directional binding as desired. The reduction of minor species in G-hp2 and single binding species in G-hp5 is clearly seen in the spectral comparisons in Figure [4](#F4){ref-type="fig"}. Decrease in intensity of the peak at 14.5 ppm can be used as a probe to observe the reduction of the minor species from the G-hp1 complex to G-hp5 complex.

![Shifts in the imino spectral region peaks at different G-hp5:DB2277 ratios at 285 K. A single binding orientation of DNA-DB2277 complex is represented by the labeled peaks. The NMR sample consisted of 100 *μ*M DNA at pH 6.7.](gkw353fig3){#F3}

![Comparison of imino proton peaks of G-hp DNA-DB2277 complexes at 285 K.](gkw353fig4){#F4}

### G-hp6 (AACATA binding site) {#SEC3-1-6}

As observed with G-hp4, inversion of the central G•C in G-hp5 again results in the appearance of significant minor species signals in the spectra of DB2277-DNA complex (Supplementary Figure S9). Therefore, the AAGATA binding site (G-hp5) sequence is the only one among over thirty oligomer hairpin duplexes investigated that provided a single binding orientation with DB2277. The success with G-hp5 relative to G-hp1 is due to two sequence changes. Removal of a 5′ A base to give a less symmetric binding sequence clearly reduces the minor species. The reason for the decrease of the minor form when the 3′ TTT is changed to ATA is less clear. Subtle changes in DNA microstructure, base substituent position and fit of DB2277 to the minor groove must be responsible for an enhancement of the major species. The DB2277 complex with the AAGATA sequence is now being used for high resolution NMR analysis of the structural details of the single preferred DB2277 complex.

### Duplex DNA {#SEC3-1-7}

To test the effects of the hairpin DNA and hairpin loop, a duplex DNA (Supplementary Figure S14) with same binding site as G-hp5 (AAGATA), was prepared (strand hybridization). The binding of DB2277 with this duplex DNA is observed using imino proton NMR and the results are very similar to those with the hairpin DNA. DB2277 binds with this duplex DNA as a single species and six imino proton resonance peaks are observed as expected for A•T bp at a 1:1 binding ratio (Supplementary Figure S14). No minor species is seen in both G-hp5 and duplex DNA complex spectra. Hairpin sequences are primarily used for SPR experiments where long continuous flow can cause duplex dissociation.

Another duplex DNA (Supplementary Figure S15), twice as long as the hairpin DNA with same binding site as G-hp1 (AAAGTTT), was also prepared (strand hybridization). DB2277 binding with this duplex DNA is shown in imino proton NMR spectra in the Supplementary Figure S15 but the spectra are broadened due to the significant molecular weight increase. Close observation of spectra reveals the presence of more than seven A•T bp resonances at binding ratio of 1:1, as expected. These set of signals suggest the two binding modes of DB2277 with binding site of AAAGTTT, as also clearly observed in binding spectra of DB2277 with G-hp1 (Figure [1](#F1){ref-type="fig"}). Moreover, the observation of the aza-benzimidazole NH proton resonance around 11.5 ppm is also consistent with all G-hp and duplex DNA sequences.

### ^15^N-labeled central G in G-hp5 {#SEC3-1-8}

To assign the peak at 11.5 ppm, a G-hp5 sequence was synthesized having the central G fully labeled with ^15^N. The proton spectra of ^15^N-labeled G-hp5 show five A•T bp imino proton peaks, as with the G-hp5 spectra (Figure [5](#F5){ref-type="fig"}). Splitting of the G5 imino proton resonance at 12.5 ppm is observed in the ^15^N-labeled spectra due to ^15^N-^1^H coupling (88 Hz) whereas a singlet is seen for G5 in the unlabeled DNA. Splitting of the G5 proton peak reverts to a singlet upon decoupling of ^15^N (Supplementary Figure S10).

![Shift of imino proton peaks at 308 K in ^1^H NMR spectra of ^15^N labeled G-hp5. Splitting of imino proton of G-5 bp is highlighted along with the emergence of a new peak at 11.5 ppm. The NMR sample consisted of 100 *μ*M DNA at pH 6.7.](gkw353fig5){#F5}

On addition of DB2277, the additional peak emerges at 11.5 ppm as observed in all other G-hp-DNA complexes. However, this peak shows no effect of ^15^N-labeling, which indicates that this peak does not belong to G5. The aza-benzimidazole NH signal of DB2277 is generally downfield and exchanges with water. A strong H-bond of this proton to DNA should cause an additional downfield shift of the NH signal ([@B46]) and this signal should not be affected by ^15^N coupling. Moreover, in the molecular model of the G-hp1-DB2277 complex (Figure [6](#F6){ref-type="fig"}), the aza-benzimidazole NH of DB2277 is observed to form a strong H-bond with the carbonyl oxygen of an adjacent T base. Therefore, in this case, the signal at 11.5 ppm, not affected by ^15^N coupling, most likely represents the aza-benzimidazole NH proton of DB2277 that is directed to the floor of the minor groove. Support for this assignment is also provided by NMR studies done by Leupin and coworkers ([@B46]) on Hoechst 33258 with A•T sequences. In this model, the benzimidazole NH proton faces into the minor groove and forms an H-bond with the carbonyl oxygen of a T base. The chemical shifts for the labile protons of benzimidazole NH are 11.3 and 12.3 ppm in the AATT complex ([@B46]), in general agreement with an observed signal between 11 and 11.5 ppm in Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}.

![Minor groove views of two possible docked conformations of DB2277 with the AAAGTT. (**A,B**) The stick model in green--blue--red--yellow represents DB2277. The DNA backbone is represented as a tube form in orange, DB2277 interacting bases are in stick with gray--blue--red--yellow and other bases are in stick with orange. (**C**) The space filling model shows the van der Waals contacts between the DNA backbone and DB2277, shown in the minor groove with gray--blue--red atoms. (**D,E**) Important H-bond interactions between aza-N- with the exocyclic G6-NH2 and aza-benzimidazole NH either with N3 of A or the carbonyl group of T at bases flanking the central G.](gkw353fig6){#F6}

### UV-Vis thermal melting {#SEC3-1-9}

Thermal melting experiments were performed on over thirty G-hp DNA sequences by monitoring DNA unfolding at 260 nm to screen the complexes based on their relative binding affinity with DB2277. The addition of DB2277 to the hairpin oligomers in this study resulted in *T*~m~ increases (Δ*T*~m~) of 10--14°C. The DB2277 strongly stabilizes the G-hp1-5 as clearly indicated by their Δ*T*m values (Supplementary Table S1) whereas, reversing the central G•C bp in G-hp6 decreases the thermal stability of the complex (Δ*T*m value is 8.7°C).

### Surface plasmon resonance {#SEC3-1-10}

Biosensor--SPR methods provide a quantitative estimation of the interaction of small molecules with DNA and other biomolecules ([@B47]). Very fast association and slow dissociation rates make DB2277 a very strong binder for single G•C-containing mixed sequences. SPR data (Supplementary Figure S11) reveals that DB2277 binds strongly with the single G•C bp sequence in both AAGTTT (*K*~D~ = 1.3 nM) and AAGATA (*K*~D~ = 4.4 nM). This represents a small difference in Δ*G*° for binding to these two oligomers (Δ(Δ*G*°) value of 0.7 kcal mol^−1^) that could result from a number of factors. Certainly, the increased number of species for G-hp2 contributes to the more favorable Δ*G*° for binding. DB2277 forms a 5-fold weaker monomeric complex with AAGATA which has DB2277 bound in one orientation.

### Dynamics of bound DB2277 {#SEC3-1-11}

At a 1:1 binding ratio, only bound DNA is observed with separate peaks for the major and minor species. 2D EXSY provided clear evidence for the exchange between major and minor species of bound DB2277 and allowed evaluation of the exchange rate between both species. Strong cross peaks observed in EXSY spectra of the G-hp2-DB2277 complex shows the chemical exchange between species (Figure [2](#F2){ref-type="fig"}, Supplementary Figures S5 and S12). Exchange cross peaks observed in this short time experiment are not due to NOE from the adjacent bp, but due to the chemical exchange for nuclei in different environments. The exchange rate between the major and minor species is 6.8 s^−1^ at 303 K and 2.8 s^−1^ at 285 K. The exchange rate was calculated by considering the chemical exchange between major and minor species for A•T bp imino protons (A4, T6 and T7 at 303 K and A4 and T8 at 285 K) which show sufficiently resolved signals (Supplementary Table S2A and B) ([@B48],[@B49]). The exchange rate calculated from the EXSY spectrum at 50 ms mixing time is in close agreement with the exchange rate calculated at 150 ms mixing time.

2D EXSY also provided information about the exchange of the aza-benzimidazole NH proton of DB2277. The aza-benzimidazole NH interacts with G-hp DNA in two different chemical environments as reported previously ([@B46]). A clearly visible exchange cross peak has been observed for the labile NH proton of aza-benzimidazole of DB2277 in the EXSY spectrum (Supplementary Figure S5). In addition, 1D-NOE differences in the spectra clearly show the change in signal intensity at the central G and adjacent T base on irradiating the NH proton signal of the aza-benzimidazole moiety of DB2277 resonating at 11.25 ppm (Supplementary Figure S2). The exchangeable NH proton of aza-benzimidazole in different environments characterizes the major and minor binding species and is at 11.3 ppm and at 12.7 ppm in complex spectra, respectively (Supplementary Figure S1).

An interesting comparison between macroscopic dissociation rate constants from SPR data with the total exchange rate constant from 2D EXSY for DB2277 binding with G-hp1 is shown in Table [2](#tbl2){ref-type="table"}. The apparent half-life for the exchange between different species is around 100 ms by NMR whereas the half-life for the bound DB2277 with G-hp2 and G-hp5 is in the range of 30--60 s by SPR. Thus, the exchange between the major and minor species is much faster than the macroscopic dissociation of DB2277 from the complex. The long dissociation half-life of the complex compared to the half-life of exchange between species shows that DB2277 can flip between major and minor species while bound to the DNA. Such microscopic exchange between two orientations of bound DB2277 is clearly represented in the model shown below. In addition, the free energy change for exchange of major to minor species can be calculated using intensities of resonances originating from the different species (Δ*G*° = --*RT* ln \[(*I*~M~)/(*I*~m~)\]. The free energy difference between major and minor species is 0.95 ± 0.03 kcal mol^−1^ at 303 K and 0.97 ± 0.03 kcal mol^−1^ at 285 K (Supplementary Table S2B). The configurational entropy change associated with different orientations of the major and minor species is 0.4 kcal mol^−1^ K^−1^. Both dynamic amidine moieties and the --CH~2~O linker (as shown in the model in Figure [6](#F6){ref-type="fig"}) provide flexibility in the minor groove of G-hp2. This flexibility contributes to the ability of DB2277 to adopt a favorable conformation and make optimum contacts with the minor groove structure. Removal of the CH~2~O linker, for example, results in a loss of both selectivity and affinity ([@B32]). From the clustering histogram of 200 Autodock runs (Supplementary Figure S13), it has also been observed that the conformer in Figure [6A](#F6){ref-type="fig"} is the most populated and most favorable with the lowest binding energy.

###### Kinetic and equilibrium parameters calculated using SPR and NMR

  Complex        *k* ~a~ (M^−1^s^−1^)^a^   *k* ~d~ (s^−1^)^a^   *K* ~D~ (nM)^a^   1/*k*~d~ (s)^a^   *k* ~ex~ (s^−1^)^b^   1/*k*~ex~ (s)^b^
  -------------- ------------------------- -------------------- ----------------- ----------------- --------------------- ------------------
  G-hp2-DB2277   (1.4 ± 0.8) × 10^7^       0.02 ± 0.01          1.3 ± 0.1         55.5              6.8 ± 1.3             0.15
  G-hp5-DB2277   (0.6 ± 0.4) × 10^7^       0.03 ± 0.02          4.4 ± 0.3         33.5              --                    --

^a^Determined from SPR.

^b^Determined from NMR at short mixing time (50 ms) at 303 K ([@B39]).

The rapid, microscopic dynamics of DB2277 and netropsin ([@B39]) suggest that such dynamics may be a common feature of minor groove binding compounds, even those with quite low *K*~D~ values. The flipping motion of DB2277 in different orientations is seen in the model in Figure [6](#F6){ref-type="fig"} and is surprising for a compound bound to a DNA sequence.

### Molecular modeling of G-hp1-DB2277 complex {#SEC3-1-12}

DB2277 fits quite well into the minor groove of the AAAGTTT binding site with an optimum curvature to follow the groove shape. Models of the two possible orientations (Figure [1](#F1){ref-type="fig"}) represented in Figure [6](#F6){ref-type="fig"} are in general agreement with the experimental results and predict the observed strong binding of DB2277 into this sequence. The flexible --CH~2~O-- linker is essential for the aza-benzimidazole moiety to track along the minor groove curvature and predicts a H-bond with the exocyclic G-NH~2~ that projects into the minor groove of the binding site. The H-bond distance of aza-N with G-NH~2~ is 1.9 Å and 2.2 Å in conformers represented in Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"}, respectively. The NH of the aza-benzimidazole moiety also nicely projects towards the minor groove of the binding site and can form H-bonds with the carbonyl group of 5′ T7 on the same strand and 3′ T5 on the complementary strand as shown in Figure [6A](#F6){ref-type="fig"} and [B](#F6){ref-type="fig"} respectively (T = O---H-N distances are 2.0 Å and 1.9 Å, respectively). As shown in the model in Figure [6C](#F6){ref-type="fig"}, DB2277 stacks well with the walls of the minor groove to form van der Waals interactions that stabilize the complex. The two phenyl-amidine groups stack parallel to both sides of the minor groove and provide an extended binding interaction with the flanking bases. Both amidine groups also dynamically form strong H-bonds with both N3 of A and O2 of T at the flanking side of mixed DNA sequences (Figure [6](#F6){ref-type="fig"}). Their inherent dynamic nature also allows the amidines to form H-bonds to deoxyribose O and the negatively charged phosphate backbone. The --CH2O-- linker of DB2277 molecules in this model is serving primarily to add needed flexibility and appropriate distances to the groups of DB2277 to allow optimum DNA interactions.

In summary, an imino proton NMR investigation on different single G•C bp-containing DNA sequences with an aza-benzimidazole compound, DB2277, revealed that rationally designed diamidine molecules can act as very sequence-specific probes at the minor groove of mixed sequences of DNA. The strong binding efficiency and highly dynamic binding nature of DB2277-G-hp complexes allow the ligand to form two reversed oriented microstructures in the minor groove of G-hp sequences. A key finding here is that the large dissociation off-rate of G-hp2 complex allows the DB2277 to microscopically rearrange in the complex without its complete dissociation from target DNA. The study also illustrates the different orientation preferences of DB2277 in G-hp DNA due to different microstructures and base substituent positions and how well the nature of the minor groove can mesh with the functional groups of the DB2277. Another major finding of a DNA sequence with a single species orientation for DB2277 with good binding affinity is essential for detailed NMR structural studies of the DB2277-DNA complex. The examination of binding spectra of DB2277 with ^15^N-labeled G5 clearly shows the pivotal role of the exocyclic G-NH~2~ in H-bonding with the aza-benzimidazole moiety of DB2277. This research has provided exciting information about sequence specificity and exchange behavior of DNA minor groove binders which will help expand the scope of rationally designed molecules for DNA minor groove recognition.
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